The herbicide acifluorfen (2-chloro-4-(trifluoromethyl)phenoxy-2-nitrobenzoate) causes strong photooxidative destruction of pigments and lipids in sensitive plant species. Antioxidants and oxygen radial scavengers slow the bleaching action of the herbicide. The effect of aciflnorfen on glutathione and ascorbate levels in cucumber (Cucumis satihs L.) cotyledon discs was investigated to assess the relationship between herbicide activity and endogenous antioxidants. Acifluorfen decreased the levels of glutathione and ascorbate over 50% in discs exposed to less than 1.5 hours of white light (450 microeinsteins per square meter per second). Coincident increases in dehydroascorbate and glutathione disulfide were not observed. Acifluorfen also caused the rapid depletion of ascorbate in far-red light grown plants which were photosynthetically incompetent.
ABSTRACIT
The herbicide acifluorfen (2-chloro-4-(trifluoromethyl)phenoxy-2-nitrobenzoate) causes strong photooxidative destruction of pigments and lipids in sensitive plant species. Antioxidants and oxygen radial scavengers slow the bleaching action of the herbicide. The effect of aciflnorfen on glutathione and ascorbate levels in cucumber (Cucumis satihs L.) cotyledon discs was investigated to assess the relationship between herbicide activity and endogenous antioxidants. Acifluorfen decreased the levels of glutathione and ascorbate over 50% in discs exposed to less than 1.5 hours of white light (450 microeinsteins per square meter per second). Coincident increases in dehydroascorbate and glutathione disulfide were not observed. Acifluorfen also caused the rapid depletion of ascorbate in far-red light grown plants which were photosynthetically incompetent.
Glutathione reductase, dehydroascorbate reductase, superoxide dismutase, ascorbate oxidase, ascorbate free radical reductase, peroxidase, and catalase activities rapidly decreased in acifluorfen-treated tissue exposed to white light. None of the enzymes were inhibited in vitro by the herbicide. Acifluorfen causes irreversible photooxidative destruction of plant tissue, in part, by depleting endogenous antioxidants and inhibiting the activities of protective enzymes.
The herbicide acifluorfen is highly effective in the selective control of a wide spectrum of broadleaf weeds in a number of major crops, e.g. soybeans. Although increasing emphasis has been placed on discerning the mechanism of action of this herbicide recently, a precise understanding of how acifluorfen causes phytotoxicity has remained elusive. Light is an absolute requirement for herbicidal activity of acifluorfen and other closely related p-nitro DPE2 herbicides (10, 21) . Photosynthetic electron transport (the site of action of at least 50% of all known herbicides), apparently is not involved in herbicidal activity of acifluorfen in higher plants (7, 10, 21, 28, 32, but compare 3) . The photoreceptor appears to be a carotenoid. Etiolated tissue (25) and yellow plants derived from genetic mutations (21) or treatment with tentoxin (8) are as sensitive to acifluorfen as is green tissue. Albino mutants (10, 21) and white plants derived from the application of herbicides that block carotenoid biosynthesis (8, 26) (8, 14, 25, 26, 32) , production of lipid hydroperoxides (3, 14, 29) , and evolution of both ethane and ethylene (3, 14, 15, 29 ). Damage at the ultrastructural level is seen first as disruption of the plasmamembrane, tonoplast, and chloroplast envelope, followed by general disintegration of cytoplasmic organelles and, ultimately, the thylakoids (14, 25, 26) .
Oxygen is required for herbicidal injury; both a nitrogen atmosphere and antioxidants diminish the effects of DPEs (16, 26, 29) . The involvement of light and 02 and the production of lipid hydroperoxides has led to the proposal that DPEs form toxic oxygen radicals which initiate free radical chain reactions in cell membranes (3, 26) . Alternatively, the DPEs may act by prohibiting the quenching of free radicals that may be produced in the light in the absence ofthe herbicide. The latter hypothesis is supported by the finding that ascorbate levels decrease in mustard seedlings treated with oxyfluorfen (17) .
Ascorbate and GSH can inactivate a variety of toxic oxygen radicals and are considered the first line of defense against oxidative stress in plants (19) . The purpose ofthe present investigation was to examine the effect of acifluorfen on ascorbate and glutathione levels in herbicide-treated tissue and the enzymes that modulate the levels of these endogenous reductants. Both (12) .
Glutathione was extracted by grinding discs in 5% w/v sulfosalicylic acid and centrifuging the extract at 7000g for 10 min. Both GSSG and GSH were assayed in the supernatant by a modification of the procedure of Griffith (13) (27) , and acid phosphatase depletion of ascorbate in herbicide treated cucumber cotyledons ated tissue is expressed as a percentage upon exposure to light (Fig. 2) . In five replicate experiments it y at the same point in time.
was noted consistently that the initial ascorbate concentration in iical reagents were ofthe highest quality acifluorfen-treated cotyledon tissue was 16% lower than the e (>99%) acifluorfen was a generous control after 20 h of dark pretreatment. The effects on ascorbate content were more rapid and of relaor comparison purposes, electrolyte tively greater magnitude than effects on cellular leakage (Fig. 1) . rapid measure of herbicidal damage.
In no experiment did the amount of DHA in herbicide-treated trolyte leakage to be one of the earliest discs increase in proportion to the decrease seen in ascorbate Acifluorfen-caused electrolyte leakage (Fig. 2) . The levels of DHA in both control and treated tissue f light and increased linearly from this consistently were similar, even after 3 h of illumination.
( Fig. 1) .
Photosynthetic electron transport has been implicated in the mechanism of action of acifluorfen (3) (Fig. 3) . Again, DHA levels did not increase in proportion to the decreases in ascorbate -AF during the time course.
-Af
Glutathione. The effect of acifluorfen on the reduced glutathione content of cucumber cotyledons was similar to that observed with ascorbate (Fig. 4) . The amount of GSH diminished by 40% reduced glutathione levels in control tissue increased in the first en on electrolyte leakage from cucumber few hours of illumination (Fig. 4) . The impact of the herbicide ;ure to white light (450 ME m-2 s-') after 20 on the concentration of GSH in cucumber is seen by the large or without the herbicide. Values are the drop in GSH calculated as percentage of control. GSH content he bathing media after initial exposure to in acifluorfen-treated tissue fell approximately 50% in the first 60 min of light (Fig. 4) . The effects of acifluorfen on GSH content were more rapid and of greater magnitude than effects on electrolyte leakage (Fig. 1) . Similar to what was observed with DHA, GSSG levels remained low and nearly constant for both control and herbicide-treated tissue (Fig. 4) .
Protective Enzymes. The depletion ofboth ascorbate and GSH in the light suggested that acifluorfen may prevent the reduction ofboth DHA and GSSG. To examine this possibility, the in vitro and in vivo effects of the herbicide on the activities of a number of enzymes involved in the maintenance of the oxidation/reduction state of these reductants were determined. Acifluorfen had no in vitro effect on the activity of any of the enzymes assayed in control tissue, even at levels that were 10 times higher than those required for a threshold herbicide response in intact tissues (data not shown). When acifluorfen-treated cucumber cotyledon discs were exposed to light, however, the activities of extracted GSSG reductase, DHA reductase, ascorbate oxidase, and ascorbate free-radical reductase, diminished (Fig. 5) . The most sensitive enzymes were GSSG reductase and ascorbate oxidase, which retained less than 50% of the activity found in the untreated control after 1 h of light. A consistent observation in replicate experiments was a decrease in recoverable ascorbate oxidase activity after dark preincubation. This decrease continued more rapidly in the light (Fig. 5) .
Acifluorfen strongly affected other enzymes which are directly or indirectly involved in protective mechanisms. The activity of SOD, catalase, and peroxidase decreased rapidly in the light (Fig.  6A) . Peroxidase consistently had lower activity in acifluorfentreated tissue after the 20 h dark preincubation in replicate experiments. A number of other enzyme activities associated with various cytoplasmic compartments were determined in order to assess in a general way the photooxidative damage to enzymes caused by acifluorfen. Enzyme activities associated with vacuoles (acid phosphatase), mitochondria (malate DH and Cyt c oxidase), cytoplasm (malate DH and glucose-6-P DH), chloroplasts (malate DH and glyceraldehyde-3-P DH), plasmamembrane (duroquinone NADH oxidase), and ER (NADH Cyt c reductase and acid phosphatase) show a similar pattern of inactivation (Fig. 6B) . NADH Cyt c reductase was particularly sensitive to acifluorfen. Lipoxygenase which oxidizes linoleic acid to form linoleic hydroperoxides, in contrast to all other enzymes, consistenatly increased in activity relative to the control from 0 to 2 h of light (Fig. 6B) . Although lipoxygenase activity as a percentage ofcontrol appears to decline between 2 and 5 h, there was no reduction in the absolute level of lipoxygenase activity in the treated tissue during the 5 h time course, since the activity of the control increased about 2-fold during this time.
DISCUSSION
Acifluorfen causesthe rapid depletion ofendogenous ascorbate in the light (Figs. 2 and 3) . Similarly, Kunert (17) decrease in ascorbate in mustard seedlings, but not until 24 h after exposure to the DPE oxyfluorfen. Ascorbate destruction can occur independently of photosynthetic electron transport (Fig. 3) . This finding is in general agreement with previous observations that photosynthetic electron transport inhibitors do not affect DPE-induced damage to higher plants (8, 21, 26, 28) . The absence of an accumulation of DHA may be explained by its facile degradation to oxalic and L-threonic acids which has been observed previously in paraquat-treated chloroplasts (12, 19) .
The 50% decrease in ascorbate within 1 h indicates that the oxidation of ascorbate is one of the earliest effects found in acifluorfen-treated plants (Figs. 2, 3; [14] ). Ascorbate and GSH are the major components in the ascorbate-GSH cycle occurring in the chloroplast (12, 19) . The depletion of both of these reductants explains why C02-dependent O2 evolution is one of the most rapidly affected metabolic processes when herbicidetreated plants are placed in the light (14) .
Finckh and Kunert (1 1) have recently found that the ratio of ascorbate to a-tocopherol in plant tissues is more important than absolute levels of each protectant in affording protection from photooxidative damage due to oxyfluorfen treatment, although there was a positive correlation between ascorbate concentration and protection from the herbicide. Ascorbate can apparently regenerate a-tocopherol from a-tocopherol radicals (20) ; however, high levels of ascorbate in the presence of metal ions can stimulate lipid peroxidation (9) . Thus, changes in ascorbate levels can influence free radical-caused damage by several mechanisms.
The depletion of GSH is similar to ascorbate and represents an early effect of acifluorfen damage (Fig. 4) . Glutathione may be oxidized either by directly quenching oxy-radicals, reducing ascorbate, or reducing labile sulfhydryl groups on proteins (12, 19, 33) . The oxidation of GSH to a thiyl radical or glutathione sulfonate may be responsible for the lack of accumulation of GSSG (Fig. 4) .
The reduction in extractable activity of DHA reductase and ascorbate free-radical reductase alone cannot account for the (Fig. 5) . The reasons for this pattern were unclear. The protective enzymes catalase, peroxidase, and SOD and enzymes associated with various organelles follow a pattern which indicates general cellular disruption (Fig. 6A) . Peroxidase seems to be particularly sensitive to acifluorfen. This is not surprising, because peroxidase is localized in the vacuole and near the plasmalemma and both the tonoplast and plasmalemma have been shown to be early sites of acifluorfen-caused damage (14) . Ozone causes leakage of peroxidase from cell walls (5) . Although the oxidative damage of acifluorfen resembles the effects of ozone, it is unlikely that the diminution of enzyme activity at early time points is a result of the wholesale leakage of cellular contents. Acifluorfen causes leakage of electrolytes and sugars from treated plants (8, 14, 25, 26; Fig. 1) ; however, protein and enzyme activity (acid phosphatase, ascorbate oxidase, and peroxidase) were undetectable in the medium until after 5 h of exposure to light (data not shown). Also, the onset of loss of enzyme activities was more rapid than loss of electrolytes.
It is interesting to note that lipoxygenase activity consistently was stimulated in darkness by acifluorfen (Fig. 6A) . Acifluorfen causes membrane leakage during the 20 h dark incubation as seen by slight increases in conductivity and decreases in fresh weight relative to the control (data not shown). The release of polyunsaturated fatty acids (e.g. linolenic) to a small degree in darkness and to a larger extent in the light may account for the increases in lipoxygenase seen in herbicide-treated tissue. The activity of lipoxygenase is significant in regard to the mechanism of action of the DPEs. Lipoxygenase produces fatty acid hydroperoxides which can destroy the selective permeability of cellular membranes and result in disorganization of cellular compartmentation. In addition, a well-known side reaction of lipoxygenase is the co-oxidation of carotenoids. Carotenoids have been implicated in the mechanism of action of acifluorfen (3, 8, 10, 21) and appear to be among the pigments most sensitive to photo-oxidative destruction by acifluorfen (15) , although substantial loss of carotenoids in acifluorfen-treated tissue does not occur for several hours in white light ( 14) .
The present study supports previous work on the mechanism of action of the DPE herbicides indicating that DPE-treated plants are under severe photo-oxidative stress. This oxidative stress is manifested in a rapid depletion ofthe two major cellular antioxidants and the irreversible loss ofactivity ofa large number of enzymes.
